The S locus, a single polymorphic locus, is responsible for self-incompatibility (SI) in the Brassicaceae family and many related plant families. Despite its importance, our knowledge of S-locus evolution is largely restricted to the causal genes encoding the S-locus receptor kinase (SRK) receptor and S-locus cysteine-rich protein (SCR) ligand of the SI system. Here, we present highquality sequences of the genomic region of six S-locus haplotypes: Arabidopsis (Arabidopsis thaliana; one haplotype), Arabidopsis lyrata (four haplotypes), and Capsella rubella (one haplotype). We compared these with reference S-locus haplotypes of the selfcompatible Arabidopsis and its SI congener A. lyrata. We subsequently reconstructed the likely genomic organization of the S locus in the most recent common ancestor of Arabidopsis and Capsella. As previously reported, the two SI-determining genes, SCR and SRK, showed a pattern of coevolution. In addition, consistent with previous studies, we found that duplication, gene conversion, and positive selection have been important factors in the evolution of these two genes and appear to contribute to the generation of new recognition specificities. Intriguingly, the inactive pseudo-S-locus haplotype in the self-compatible species C. rubella is likely to be an old S-locus haplotype that only very recently became fixed when C. rubella split off from its SI ancestor, Capsella grandiflora.
Self-incompatibility (SI) is an important mechanism used by many angiosperm species for preventing selffertilization (selfing), which can be considered as an evolutionary dead end because it limits adaptive potential and causes inbreeding depression by the expression of recessive deleterious mutations (Lynch et al., 1995; Charlesworth et al., 2005; Newbigin and Uyenoyama, 2005; . SI is often controlled by a single polymorphic locus, the S locus. In the Brassicaceae, the S locus contains two specificity-determinant genes: S-LOCUS RECEPTOR KINASE (SRK), which encodes the stigmatic receptor kinase; and SP11/S-LOCUS CYSTEINE-RICH PROTEIN (SCR) (hereafter SCR), which encodes a small Cys-rich protein localized in the pollen coat, which is the ligand for the SRK receptor (Nasrallah, 2002) . Pollen inhibition occurs when the same S-locus specificity is expressed by both pollen and pistil (Nasrallah, 2002) . The S locus is exceptional, with its many transspecies polymorphisms (Charlesworth, 2006) , providing a paradigm for frequency-dependent selection (Schierup and Vekemans, 2008; Leducq et al., 2011) .
Transformation of Arabidopsis (Arabidopsis thaliana) with S-locus haplotypes from the self-incompatible Arabidopsis lyrata can restore SI in some accessions . Therefore, it is likely that the initial inactivation of the S locus was a key step in the transition from SI to self-compatibility (SC) in this species. Arabidopsis is the model plant among SC species. The SI system is inactive in the selfing Arabidopsis reference strain Columbia (Col-0), and both SRK and SCR become pseudogenized (Kusaba et al., 2001) . The inactivation of the S locus is correlated with the transition from outcrossing to selfing in both Arabidopsis and the Arabidopsis relative Capsella rubella (Tang et al., 2007; Guo et al., 2009; Tsuchimatsu et al., 2010) . Transitions to SC are frequent in plants. This transition has occurred independently many times in several lineages (Barrett, 2002 (Barrett, , 2010 . In the Brassicaceae, most tribes include selfing species (Fobis-Loisy et al., 2004) .
The molecular mechanism of action and functional polymorphisms at the S locus and in the SI system have been described extensively for Arabidopsis and related genera (Uyenoyama, 2000; Schierup et al., 2001 Schierup et al., , 2006 Kachroo et al., 2002; Sato et al., 2002; Takebayashi et al., 2003; Nasrallah et al., 2004; Prigoda et al., 2005; Bechsgaard et al., 2006; Paetsch et al., 2006; Liu et al., 2007; Mable and Adam, 2007; Sherman-Broyles et al., 2007; Tang et al., 2007; Shimizu et al., 2008; Guo et al., 2009; Castric et al., 2010; Tsuchimatsu et al., 2010) .
Because of the difficulties with recovering the exceedingly diverse sequences at this locus by PCR, most analyses of the S locus have focused on SCR and SRK, and sometimes only on a partial S domain of the SRK gene. Other genes within the S-locus region have rarely been comprehensively examined (Kamau and Charlesworth, 2005; Hagenblad et al., 2006; Kamau et al., 2007; Ruggiero et al., 2008) . There is, however, strong suppression of recombination and linked loci, which may influence the evolution of SI systems (Uyenoyama, 2005) . Recently, it has been demonstrated that pseudo-SC can be caused by an S-locuslinked gene that can regulate SRK transcript levels . Detailed knowledge about S-locus sequences from additional relatives of Arabidopsis is also necessary to determine whether the S-locus polymorphisms in selfing species, such as Arabidopsis and C. rubella, reflect alleles that were present in a self-incompatible ancestor or whether they were produced by differential degradation of the S locus in different self-fertile populations . The age of S-locus allelic lineages in Arabidopsis relatives has thus far not been conclusively determined. Some allelic lineages at the S locus in A. lyrata are very old (Schierup et al., 2001; Paetsch et al., 2006; Edh et al., 2009) : it is likely that they predate the divergence between the class I and class II allele lineages in Brassica, estimated to have occurred 40 million years ago (Uyenoyama, 1995) . Finally, broader knowledge of S-locus sequence diversity is required for understanding how new specificities evolve in a two-gene system that relies on matching specificities between the two genes.
To address these questions, two factors must be considered. First, it is important to compare S-locus haplotypes between related SI and SC species. Second, both key genes and linked genes at the S locus should be analyzed. Therefore, we sequenced bacterial artificial chromosome clones (BACs) covering the S-locus region, including the core region from At4g21350 (PLANT U-BOX8 [PUB8]) to At4g21380 (ARK3), and several genes on either side, in two accessions of the selfing species Arabidopsis (Ath-Cvi) and C. rubella (Cru) and from four chromosomes of the outcrossing species A. lyrata (Aly-S16, Aly-S38, Aly-S50, and AlySb). One additional S-locus haplotype each had already been sequenced and therefore was available from reference genome sequencing projects in Arabidopsis (Ath-Col; Arabidopsis Genome Initiative, 2000) and A. lyrata (Aly-Sa, from reference strain MN47; Hu et al., 2011) . Our comparison of the eight S-locus haplotypes provides new insights into the evolution of the S locus in the Brassicaceae.
RESULTS

Genomic Organization and Gene Content of the S Locus
For the scale of phylogenetic sampling, we covered geographic (A. lyrata from Europe and North America) and mating system (SC species Arabidopsis and C. rubella, SI species A. lyrata) diversity. There was only one BAC library of C. rubella available when we started this work a few years ago; thus, only a single C. rubella haplotype was sequenced. Six BACs covering the core S-locus region, from At4g21350 (PUB8) to At4g21380 (ARK3), were sequenced: Arabidopsis (one S-locus haplotype), A. lyrata (four S-locus haplotypes), and C. rubella (one S-locus haplotype). For SRK and SCR, the published SRKa/SCRa or SRKb/SCRb (Kusaba et al., 2001 ) is the same S-locus haplotype as Aly-Sa or AlySb, respectively. Only for Aly-Sb, we could not completely fill all assembly gaps. Nevertheless, the four large contigs of Aly-Sb contained both SCR and SRK in addition to the other flanking genes of the S locus. All six sequenced S-locus haplotypes share the region from At4g21326 to At4g21430, except Aly-S50, where the sequence from exon 1 to part of exon 6 of At4g21326 is missing (Fig. 1C) . A phylogenetic tree (Supplemental Fig. S1 ) indicated that the recovered S-locus haplotypes span several S-locus lineages across Arabidopsis and Capsella relatives.
Comparing the six sequenced S-locus haplotypes and the Arabidopsis and A. lyrata reference genome S-locus haplotypes, the length of the eight S-locus haplotypes (from At4g21326 to At4g21430) ranges from 56.1 kb (Ath-Cvi) to 116.5 kb (Aly-Sb; Supplemental Table S1 ). Sequences on either side of the core S-locus region are highly conserved and syntenic, while the core region is highly diverged (Fig. 1, A and B) . Gene order and orientation are conserved (Fig. 1 , B and C), except for Aly-Sa, which has an inversion including SCR and SRK (Fig. 1) , as well as Aly-S50 and Aly-Sb, which have an inversion of the SCR gene (Fig. 1C) . It is likely that in the majority of S-locus haplotypes, there is one SCR gene and one SRK gene in head-to-head orientation.
The 11 protein-coding genes found in the Arabidopsis reference S-locus haplotype Ath-Col are conserved in all S-locus haplotypes. Aly-S16, Aly-S50, Aly-Sa, Figure 2 . Alignment of SCR-related sequences.
and Aly-Sb, however, have one or two extra genes, which are not shared with any of the other S-locus haplotypes ( Fig. 1C ; Supplemental Table S1 ). In addition, there are some partially duplicated genes, including SCR-like sequences (SCR2 and SCR3) and an SRK-like gene (At4g21366) in Ath-Col, an SCR3-like fragment in Ath-Cvi, and an ARK3-like fragment in Aly-S38.
The content of transposable elements in different S-locus haplotypes varies greatly, from 5.45% in AthCvi to 31.27% in Aly-Sb (Supplemental Tables S2 and  S3 ). Arabidopsis S-locus haplotypes have the fewest transposable elements, while Cru is intermediate. The number and insertion times of long terminal repeat (LTR) retrotransposons also differ (Supplemental Table S2 ).
Transspecific Allele Sharing and Coevolution
In Ath-Col, Aly-S38, Aly-S50, and Cru ( Fig. 2 ; Table  I ), SCR is represented by a truncated open reading frame (ORF), as inferred from deduced amino acid sequences. In Ath-Col, Ath-Cvi, and Cru, the SRK genes also have truncated ORFs (Kusaba et al., 2001; Tang et al., 2007; Shimizu et al., 2008; Guo et al., 2009 ). The amino acid sequences of the SCR gene are highly diverged, but the eight conserved Cys residues (Kusaba et al., 2001) were found in each S-locus haplotype with complete ORF (Fig. 2) .
The topologies of the phylogenetic trees for SCR and SRK match. Ath-Cvi and Aly-S16, as well as Aly-S38 and Cru, show close relationships, supporting a pattern of coevolution for SCR and SRK ( Fig. 3 ; Supplemental Figs. S1 and S2). None of the other genes at the S locus showed the same transspecies pattern (Supplemental Fig. S3 ), not even At4g21380 (ARK3), which is less than 3 kb away from the SRK gene in most S-locus haplotypes. Thus, linkage disequilibrium is apparently weak, and limited to a narrow region, from SCR to SRK.
The length of the single intron in SCR can be very different, even between closely related S-locus haplotypes such as Ath-Cvi (2,036 bp) and Aly-S16 (1,044 bp; Table I ). The length of the intergenic region between SRK and SCR, for SCR with only the first exon, which was calculated based on the distance from the end of the first exon of SCR to SRK, is also highly variable, from 227 bp in Ath-Cvi to 14,422 bp in Cru (Table I) .
Gene Conversion
There are frequent duplications in the core S-locus region, including duplications of SCR, SRK, and ARK3. SRK and ARK3 are closely related in sequence, and five potential gene conversion events were detected, with the size of the converted fragment ranging from 31 to 391 bp (Table II) . Gene conversion also appears to have occurred between SRK and ARK3 in both Aly-Sb and Ath-Col as well as between SRK-like (At4g21366) and SRK and between SRK-like (At4g21366) and ARK3 in Ath-Col. Affected were exon 7 of SRK and ARK3, except for the gene conversion event between At4g21366 and ARK3 in Ath-Col, which included exons 6 and 7.
Evidence for Positive Selection
We tested whether the evolutionary divergence of the S locus has been affected by positive selection. Because pseudogenes confound such tests and show different evolutionary patterns than functional genes, we excluded them from our analyses. The ratio of nonsynonymous and synonymous mutation (d N /d S ) averaged across all sites and lineages ranged from 0.11 (At4g21350) to 1.21 (SCR ; Table III) . For three genes, SCR, SRK, and ARK3, the positive selection model fit the data significantly better than the neutral model (Table III) , although the SCR gene had a much higher proportion of codons under positive selection than SRK and ARK3 (Fig. 4) .
DISCUSSION Genomic Organization and Gene Content of the S Locus in the Arabidopsis/Capsella Lineage
Although the core S-locus region between the PUB8 gene and ARK3 is very fluid and entails many inde- pendent insertions, duplications, and inversions, genes flanking the outermost PUB8 and ARK3 genes were found to be conserved with respect to gene orientation and order in the eight analyzed S-locus haplotypes. The more common head-to-head orientation of SCR and SRK, however, is changed in Aly-S50, Aly-Sb, and Ath-C24 (Fig. 5 ). Aly-Sa has an inversion including the SCR-SRK region, but the relative orientation is similar to the other S-locus haplotypes. We conclude that the ancestral organization of the S locus in the Arabidopsis/Capsella lineage appears to be one SCR gene and one SRK gene in head-to-head orientation, flanked by the PUB8 and ARK3 genes transcribed from the same strand as SRK (Fig. 5) . The extra genes, which are not shared with any of the other S-locus haplotypes, must have originated independently in specific lineages.
Transspecies Polymorphism and Coevolution
Transspecies patterns of polymorphism are typical for plant SI systems (Sato et al., 2002; Bechsgaard et al., 2006; Paetsch et al., 2006) , a fungal SI system (May et al., 1999) , and the vertebrate animal major histocompatibility complex system (Adams et al., 2000) . In the Brassica genus, some S-locus haplotypes have been estimated to be about 20 to 40 million years old (Uyenoyama, 1995) . In the Solanaceae, the S-RNase, which is the female specificity determinant of SI in this family, has been estimated to be nearly 70 million years old (Xue et al., 1996) . Some allelic lineages of the major histocompatibility complex system of animals appear to have persisted for at least 20 million years (Klein et al., 1998) . Because the S-locus genes appear to be under selection, one cannot easily determine the age of the S-locus haplotype with a molecular clock. The close relationship of the Ath-Cvi and Aly-S16 haplotypes between Arabidopsis and A. lyrata as well as of the Aly-S38 and Cru haplotypes between A. lyrata and C. rubella (Paetsch et al., 2006) suggest that these S-locus haplotypes are at least 13 and 22 million years old, respectively (Fig. 5) .
In the Brassicaceae, recombination events disrupting the linkage of matched SRK and SCR alleles are expected to result in the breakdown of SI. The pattern of coevolution between SRK and SCR suggests that they Table III . Evidence for adaptive evolution of genes located in the S-locus region M0 is the d N /d S ratio averaged across all sites and lineages. M7 versus M8 indicates the outcome of the likelihood test. 21 means that the value of 2D (twice the log likelihood difference between two models) is 0 or less than 0.0001 and there is no significant difference between the two models. Estimates of parameters indicate the proportion of amino acids predicted to be under adaptive evolution (and their corresponding d N /d S ratio) from model M8. NA indicates not applicable because there is no significant difference between the positive selection model and the neutral model. Positively selected sites are amino acids under positive selection with Bayesian posterior P . 0.95 based on model M8 using the Bayes Empirical Bayes method. Ns is the number of sequences in the analysis. LA indicates the codon in the alignment. For the SRK gene, Aly-S16 is the reference sequence, and for the SCR gene, Ath-Cvi is the reference sequence. For ARK3 and other genes, Ath-Col is the reference. * P , 0.05, ** P , 0.001, *** P , 0.0001. are in strong linkage disequilibrium, consistent with the previous population genetics study in A. lyrata (Kamau et al., 2007) . In Brassica, the tree topology of SRK and SCR is basically similar (Sato et al., 2002; Edh et al., 2009) . The structural and sequence heterogeneity between SCR and SRK sequences is likely the most important mechanism suppressing recombination and maintaining SI. This conclusion is strongly supported by results from Castric et al. (2010) , who found that recombination could occur when individuals were homozygous for recessive alleles, indicating that there is no general suppression of recombination in this region. It is interesting that coevolution and linkage are limited to a really small region around SCR and SRK.
Duplication, Gene Conversion, Positive Selection, and Evolution of New Specificities
There are several hypotheses for the generation of new SI specificities (Uyenoyama et al., 2001; Chookajorn et al., 2004; Charlesworth et al., 2005) . In one hypothesis (Uyenoyama et al., 2001 ), a self-compatible intermediate is generated in which partial breakdown of SI occurs because of a mutation in one of the SI specificity determinants. Subsequent compensatory mutations in the other specificity determinant then cause the pistil to reject the new pollen type, thus restoring the SI system. In the outcrossing species A. lyrata, many self-compatible accessions have been found in North America. SC, therefore, is likely to have originated multiple times Mable and Adam, 2007; Mable, 2008; Foxe et al., 2010) , and these self-compatible haplotypes might also be precursors of new SI haplotypes. Another model suggests that new SI specificities arise through gradual modification of SRK-SCR affinities (Chookajorn et al., 2004) . We found that SCR appears to be under much stronger diversifying selection than SRK, consistent with a structure-function analysis of SCR that showed this protein to be unusually tolerant to sequence changes (Chookajorn et al., 2004) , which suggests that SCR is the major engine for the modification of SRK-SCR affinities.
An additional factor might be gene conversion, which has been found in Brassica between SLG and SRK (Sato et al., 2002; Fujimoto et al., 2006 ) and between SRK and its possible paralogs in A. lyrata Single asterisks represent codons with a Bayesian posterior probability of positive selection greater than 75%, and double asterisks represent codons with a Bayesian posterior probability of positive selection greater than 95%. (Charlesworth et al., 2003) . We have identified gene conversion events among SRK, ARK3, and duplicated SRK-like (At4g21366) genes. Interestingly, we found that gene conversion was largely restricted to the portion of the region encoding the kinase domain. Although the kinase domain of the SRK protein does not seem to directly contribute to the specificity of pollen/pistil recognition (Rea et al., 2010) , it might indirectly influence the specificity of SRK by affecting protein conformation. In addition, we found that only three out of 11 genes (SCR, SRK, and ARK3) in the S-locus region show evidence of positive selection. Previous studies have found many sites in the S domain of SRK to be under positive selection in these species (Sainudiin et al., 2005; Castric and Vekemans, 2007) . We also found that ARK3, which is the S-domain receptor-like kinase that is most closely related to SRK, has a history of gene duplication, gene conversion, and positive selection. These features of ARK3 could be a motor for the evolution of SRK, given the apparent gene conversion between ARK3 and SRK that we found here. In summary, there is a strong indication that duplication, gene conversion, and positive selection all contribute to the evolution of new S-locus specificities, as has been suggested previously.
Relationship between the S Locus and Selfing
One hypothesis for the labile nature of SI is that the transition from outcrossing to selfing can provide a selective advantage at a given time and place (Stebbins, 1957; Busch et al., 2010; Goldberg et al., 2010; Wright and Barrett, 2010) . A single inactivated S-locus haplotype was fixed in C. rubella, representing the key step in the recent transition to selfing for this species (Guo et al., 2009 ). In contrast, SC has apparently originated several times independently in Arabidopsis Sherman-Broyles et al., 2007; Tang et al., 2007; Shimizu et al., 2008; Boggs et al., 2009b; Tsuchimatsu et al., 2010) . In accessions with a Col-0-like SRK allele, SCR became pseudogenized after the gene was disrupted by an inversion (Boggs et al., 2009b; Tsuchimatsu et al., 2010) . In the accession Cvi-0, SCR is intact but SRK has a truncated ORF (Tang et al., 2007; Shimizu et al., 2008; this work) . Both SCR and SRK have truncated ORFs in Col-0 (Kusaba et al., 2001 ). C24, which also has a truncated SRK ORF, lacks SCR altogether . In C. rubella, the ORFs of all SCR alleles and some SRK alleles are truncated (Guo et al., 2009) . Interestingly, one A. lyrata haplotype, Aly-S38, is very similar to C. rubella, with a closely related SCR with a truncated ORF and an SRK with a complete ORF ( Fig. 3; Supplemental Fig. S1 ). This indicates that the truncated S-locus haplotype in C. rubella could be very old, despite it having been fixed only very recently. Although the simultaneous maintenance of both nonfunctional and functional S-locus haplotypes is rare (Uyenoyama et al., 2001; Porcher and Lande, 2005) , two of the S-locus haplotypes we re-covered for A. lyrata appear to contain a SCR allele with a truncated ORF, which spans two different S-locus lineages across Arabidopsis and Capsella relatives (Supplemental Fig. S1 ). It will be interesting to investigate the activity of those S-locus haplotypes with truncated ORFs (such as Aly-S38 and Aly-S50), given that the SCR gene of Cvi may not be functional even though it has a complete ORF (Boggs et al., 2009a) .
Unfortunately, the sequences of Aly-S38 and Aly-S50 come from a BAC library generated a decade ago, and the individual plants with these haplotypes are no longer available. Because of the great diversity of S-locus haplotypes, finding the same haplotypes in extant samples would be very difficult, if not impossible. On the other hand, the distinction of functional/ nonfunctional S-locus haplotypes was not a main focus of our study. The strength of our work is that it is, to our knowledge, the first sequencing study of the S-locus region in such a large number of Arabidopsis relatives. With additional high-quality sequences of the S-locus region from A. lyrata and other related species, one can address the mechanisms of the evolution of the S-locus region, determine whether S-locus haplotypes with truncated ORFs are functional or not, and also address the question of the age of inactive S-locus haplotypes with more confidence.
CONCLUSION
Our results are consistent with previous studies of the S locus in that we found that the two SI-determining genes, SCR and SRK, show patterns of coevolution. Duplication, gene conversion, and positive selection have been important factors in the evolutionary history of these two genes and appear to contribute to the generation of new recognition specificities. An unexpected result is that the inactive pseudo-S-locus haplotype in the SC species C. rubella might be an old S-locus haplotype that only very recently became fixed when C. rubella split off from its SI ancestor, Capsella grandiflora. Finally, our data provide not only an important resource for understanding S-locus evolution but can also guide future functional studies of the SI system.
MATERIALS AND METHODS
BAC Screen, Sequencing, and Assembly
We generated a 400-bp probe derived from PUB8 (At4g21350) by PCR amplification of Arabidopsis (Arabidopsis thaliana) Col-0 using primers G10720 (5#-TTAATCTCCACTCTCATCTCTC-3#) and G10721 (5#-CTGATTCCTTT-CTCTCCCTATC-3#) and used it to screen BAC libraries of Arabidopsis Cvi-0, Arabidopsis lyrata, and Capsella rubella by filter hybridization. The A. lyrata individuals used in constructing the BAC library were from the Pech area in Bavaria (Germany), and the C. rubella individuals were from Gargano, Italy. End sequencing was used to map the borders of positive BAC clones, and clones that include the region from At4g21326 to At4g21430 were analyzed by shotgun sequencing.
For Arabidopsis Cvi-0, BAC35E6 (Ath-Cvi) was analyzed. For the outcrossing A. lyrata, we first sequenced part of the SRK locus (using G12957 primer; 5#-CTTCGAGCTTGGTTTCTTCA-3#) to differentiate different S-locus haplotypes. We then used these SRK sequences and other available SRK sequences from GenBank to construct a phylogenetic tree for the different S-locus haplotypes. Among 16 positive BAC clones, there were three distinct S-locus haplotypes (named after the similarity to well-known SRK sequences of A. lyrata) besides Aly-Sb, located on the SRKb BAC of A. lyrata reported by Kusaba and colleagues (2001) , hereafter represented as Aly-Sb, and Aly-Sa from the reference strain MN47 (Supplemental Fig. S1 ). Both Aly-Sa and AlySb are derived from accessions of A. lyrata collected in Michigan (Kusaba et al., 2001 ). In the end, four independent A. lyrata BAC clones, BAC6K22 (Aly-S16), BAC39O17 (Aly-S38), BAC27M5 (Aly-S50), and Aly-Sb (Kusaba et al., 2001) , were selected for sequencing. From the C. rubella library, we selected BAC15P16 (Cru).
BAC DNA was prepared using the Large Construct DNA Preparation Kit (Qiagen), physically sheared, and shotgun libraries were constructed using the TOPO Shotgun Subcloning Kit (Invitrogen). Shotgun clones were sequenced on an ABI 3730XL DNA Analyzer using T7 and SP6 primers. Sequences were processed using Phred for base calling, CROSS_MATCH for removing vector sequences, and Phrap and Consed for assembly Gordon et al., 1998) . Primer walking and PCR were used to fill or polish gaps and ambiguous regions. The sequences and the assembled contigs were in accordance with the Bermuda standards of sequencing (http://www.genome.gov/10001812). The S-locus region of Col-0 was extracted from the Arabidopsis reference genome (http://www. arabidopsis.org/), and the S-locus region of the MN47 strain of A. lyrata was extracted from the reference genome as well (http://genome.jgi-psf.org/ Araly1/Araly1.home.html).
Sequence Annotation and Phylogenetic Analysis
Annotation of the BAC sequences was performed using FGENESH (http://linux1.softberry.com/berry.phtml). The annotation was confirmed by comparison with Arabidopsis (The Arabidopsis Information Resource 8). The SCR gene was annotated by comparing it with SCR1, SCR2, and SCR3 of Arabidopsis (Col-0), SCRa (AB052753) and SCRb (AB052754) of A. lyrata, SP11-6 (AF195625) of Brassica oleracea, and SP11-9 of Brassica rapa (AB022078). Spidey (http://www.ncbi.nlm.nih.gov/spidey/) was used to confirm the annotation based on the alignment to Arabidopsis mRNA when needed. VISTA (http://genome.lbl.gov/vista/index.shtml) and Mummer version 3.19 (Kurtz et al., 2004) were used to compare and view BAC sequences.
Sequences were aligned using ClustalX version 1.81 (Thompson et al., 1997) and then refined manually. PAUP* version 4.0b10 (Swofford, 2003) was used to reconstruct the phylogenetic tree. For the maximum parsimony tree, a heuristic search was performed with the MULPARS option, tree bisectionreconnection branch swapping. The neighbor-joining trees were constructed using the two-parameter model (Kimura, 1980; Saitou and Nei, 1987) . Topological robustness was assessed by bootstrapping with 1,000 replicates (Felsenstein, 1985) .
Transposable Element Analysis
RepeatMasker version 3.2.5 (http://www.repeatmasker.org/) was used to detect the content of transposable elements using the Arabidopsis library of Repbase (RM database version 20080611). LTR_STRUC (McCarthy and McDonald, 2003) was used to identify full-length LTR retrotransposons. Each LTR retrotransposon was classified (gypsy-like, copia-like, others) based on BLASTN and T-BLAST searches of the Brassicaceae repeat database (http://tigrblast.tigr.org/euk-blast/index.cgi?project=plant.repeats). The sequence divergence between the two LTRs of each intact LTR retrotransposon was used to estimate the insertion time (T) using the formula T = K/(2)(r), where K is the number of substitutions per site between two LTRs, estimated with the two-parameter model using the distmat program implemented in the EMBOSS package (http://emboss.sourceforge.net/), and r is the spontaneous mutation rate estimated in Arabidopsis, 7 3 10 29 mutations per site per generation (year; Ossowski et al., 2010) .
Detection of Gene Conversion
Gene conversion was analyzed using GENECONV version 1.81a (Sawyer, 1989) with default settings. Based on an alignment of DNA sequences, GENECONV detects gene conversion by looking for sufficiently similarly aligned segments between a pair of sequences. A global value of P # 0.05 was used as a criterion for further analysis of the conversion tracts detected by GENECONV. Given that GENECONV could not distinguish between gene conversion and unequal crossing over, significant GENECONV results are indicated as conversion events or tracts (Mondragon-Palomino and Gaut, 2005) .
Positive Selection Detection Using Likelihood Ratio Tests
Potentially positive selection was analyzed with the program codeml of PAML version 3.15 (Yang, 1997) . The first step was to find sites with v (d N /d S ) . 1 by comparing a null model (M7) that does not allow for sites with v . 1 and a general model that does (M8) by performing a likelihood ratio test using codeml. If model M7 was rejected in favor of model M8, we took this as evidence against the v ratio being confined to the interval (0, 1) for all sites. The second step was to use a likelihood ratio test to identify residues (with Bayesian posterior probability) under positive selection with the Bayes Empirical Bayes tool . We assumed that sites with v . 1 and a high probability (P $ 95%) were likely to be under positive selection.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers HQ376928-HQ376932 and EF637083.
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